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Introduction
Modern heavy-duty gas turbines or aero-engines are requiring higher turbine inlet temperature to achieve more power generation and higher thermal efficiencies. Typical turbine inlet temperature has increased up to 2100K for aero-engines which generates higher demand of turbine cooling. Common cooling techniques include internal cooling and film cooling. Coolant passes internal channels with different turbulent features and then injects through discrete holes to form a protective film on the turbine blade surface. Recently, some new blade concepts are proposed, for example, near wall cooling or double wall airfoil cooling [1] shown in Fig. 1 , where small cooling cavities require impingement with low distance [2] [3] [4] and thinwall outer foil requires discrete film holes with short length-to-diameter ratio [5] . Due to manufacture limitations, shaped holes are difficult to use on the thin-wall airfoils, whereas simple angle and compound angle holes are suitable. A common method to evaluate the film cooling performance is the adiabatic film cooling effectiveness η, which is defined 2 [19] Compound 7.5-10 1.0 0.3-1.5 3 30 45 Adiabatic film effectiveness Schreivogel et al. [20] Shaped 7.5-11.5 1.7 0.5-2. 
where ∞ is the mainstream temperature, is the coolant jet temperature exiting the film hole, and is the adiabatic wall temperature. The adiabatic film effectiveness describes how well the coolant covers the metal surface and how the coolant mixes with the crossflow along the flow direction. In the real turbine cooling design, the adiabatic wall temperature is usually considered as the driving temperature in the third kind boundary condition. Additionally, information about the heat transfer coefficient is required to conduct the finite element analysis of metal airfoil and obtain the temperature/heat flux distributions. The superposition temperature is determined by assuming a steady state aerodynamic heating and constant fluid properties. So the energy equation can be simplified to a linear form and the heat flux can be determined by the following equation:
where hf is the heat transfer coefficient and Tw is the metal wall temperature. In most cases, the heat transfer coefficient is expressed as heat transfer augmentation hf /h0, which means the ratio of the heat transfer coefficient with and without film cooling. The heat transfer coefficient augmentation hf /h0 indicates how the convective heat transfer process is influenced by adding film cooling jet. Table 1 shows the comparison of the present study to previous experimental work on simple and compound angle holes . Previous researches on the film cooling heat transfer coefficient measurement mainly concentrate on the effect of blowing ratio, density ratio, hole shape, and other flow parameters like mainstream turbulence intensity. Many of these studies were performed with simple angle hole. Hay et al. [6] used a swollen polymer surface and laser holographic interferometry technique to measure the heat transfer coefficient downstream a row of holes with injection angle of 35 deg and 90 deg. Ammari et al. [7] adopted similar experimental method as Hay et al. [6] to investigate the effect of density ratio on the heat transfer coefficient of film cooling. They found a heat transfer augmentation with increasing density ratio. Burd et al. [8, 9] provided hydrodynamic measurements for simple angle cylindrical hole with L/D being 2.3 and 7.0. They reported that short-L/D holes have a "jetting" of coolant into freestream and enhance mixing. They also reported the association of the adiabatic film effectiveness with the fluid structures. Baldauf et al. [10] measured the heat transfer coefficient of a row of cylindrical ejection holes with IR-thermography technique. The parameters investigated included blowing angle, hole pitch, blowing rate, and density ratio. On the basis of large amount of experimental data, a new correlation was developed to correlate heat transfer coefficient with typical film cooling parameters. Lutum et al. [11] conducted experiments on simple angle cylindrical holes with L/D from 1.75 to 18. Their results indicated that decreased film effectiveness was obtained for short hole and film effectiveness remained almost unchanged for L/D＞5. But heat transfer coefficient data were not provided in their work.
Heat transfer coefficient augmentation using compound angle injection hole for film cooling has been measured by [12] [13] [14] [15] [16] [17] [18] [19] [20] . Sen et al. [12] examined the effect of blowing ratio, hole spacing, and hole shape on the heat transfer coefficient with compound angle injection film hole. They showed that the heat transfer level was increased as compound angle increased. Thus they recommended that the combination of adiabatic effectiveness and heat transfer coefficient favors the performance evaluation of compound angle injection hole. Ekkad et al. [13, 14] used the transient liquid crystal method to measure the heat transfer coefficient downstream of simple angle and compound angle holes. Results with different density ratio and compound angle were compared. Their results indicated that increasing blowing ratio increased heat transfer coefficient. At a given blowing ratio, increasing density ratio also increased heat transfer coefficient. Goldstein et al. [15] used naphthalene sublimation technique to measure the heat transfer coefficient downstream a row of holes with 35 deg inclination angle and 45 deg compound angle. They found that the laterally averaged heat transfer coefficient of compound angle hole is close to that of simple angle hole at low blowing ratios, while the heat transfer coefficient drastically increases 10D downstream of injection hole at high blowing ratios due to the asymmetric vortex motion under the jets. Recently, Boyd et al. [19] and Schreivogel et al. [20] used new methods to measure two dimensional heat transfer coefficient distribution on shaped hole and trenched hole, respectively. Some recent works include hydrodynamic measurements [21] and combined investigation of film effectiveness and heat transfer coefficient [22] . Flow field data and heat transfer performance were correlated by illustrating the development of single asymmetric vortex. As mentioned above, double wall airfoil with thin-outer metal sheet requires simple angle hole or compound angle hole, so heat transfer performance of compound angle hole with short lengthto-diameter will be necessary. However, according to the authors' knowledge, no work exits investigating the effect of L/D on simple angle compound angle holes' heat transfer performance, especially the two dimensional heat transfer coefficient distributions.
This paper reports the experimental heat transfer coefficient measurements of simple angle and compound angle holes with varying blowing ratio and length-to-diameter ratio by steady liquid crystal (SLC). It is unique to present heat transfer coefficient data considering length-to-diameter ratio effect in simple angle and compound angle holes. Further, the paper proposes new correlations for the both simple angle and compound angle holes considering the length-to-diameter ratio, which is useful to design thin-walled film cooled airfoil. The adiabatic film effectiveness data of similar geometry configurations are presented in the Part I of the paper [23] .
Experimental Apparatus and Procedures

Low speed wind tunnel
All the heat transfer coefficient experiments were performed in the low speed wind tunnel shown in Fig.2 . Heat transfer coefficients measurements on the turbine vane endwall in this tunnel have been reported by Li et al. [22] [23] [24] . The test section has an inlet cross section of 0.24×0.16m 2 , and the mainstream velocity is set to 25m/s measured by a five-hole probe. Air is supplied to the test section from a variable speed blower, and the rectifier is used to obtain uniform mainstream. An air compressor and high pressure gas tank are used to provide the coolant gas, i.e. air or N2/CO2, respectively. The coolant massflow rate is controlled and measured by electric mass flowmeters. The coolant temperature is adjusted by a heat exchanger prior to entering the mainstream and a difference within 0.5°C to mainstream temperature is ensured. The coolant temperature in the cavity is measured by thermocouples. The approaching boundary layer and freestream turbulence intensity are measured by a constant temperature anemometer system (DANTEC90N10) with hot-wire probe from Dantec Inc. The probe is installed in the center of the wind tunnel and locates 10D in front of the film cooling holes. The measured voltages are converted to velocities using a polynomial fit from calibration. The approaching boundary layer distrbution is shown in Fig.3 . The streamwise mean velocity is in good agreement with the near-wall log-law and the viscous sublayer trends (u + =y + ). The boundary layer characteristics are shown in Table 2 . The boundary layer has a thickness of δ/D=1.89, a displacement thickness of δ*/D=0.25, a momentum thickness of κ/D=0.2, and a shape factor H=1.23 typical for turbulent boundary layers. The inlet turbulence intensity is around 3.5%. 
Film cooling configurations and test conditions
Two different film cooling configurations are studied in the experiments, as shown in Fig. 4 . The injection angle (α) is 35° for both the simple angle and compound angle holes. The compound angle (β) is 45° for the compound case. Both the film cooling configurations have the same pitch-to-diameter ratio (P/D) of 5. The length-to-diameter ratio (L/D) is varied from 0.5 to 5 as shown in Table 2 . The film hole diameter D is 4mm for all configurations. For each geometry, there are five holes in one row on the test plate to provide good periodicity. Spanwise and area averaged data are extracted from the middle three holes. The mainstream was set to 25 m/s and the temperature was around 298 K in the experiments and coolant gas temperature was adjusted to fall within a 0.5 °C difference. Seven blowing ratios (M) were chosen to obtain film cooling effectiveness data from 0.3 to 2 as shown in Table 3 . Hence there are in total 70 sets of experiments performed for the simple hole and 
Heat Transfer Measurement Techniques
The heat transfer coefficients are measured using steady liquid crystal and heat flux foil. Figure 5 shows the diagram of constant heat flux multilayer set-up, including steady liquid crystal layer, copper foil layer, heat foil layer, and insulation polystyrene layer. The replaceable film hole plate is also shown. The governing equation for the measurement technique is summarized as follows:
where Tw is the outer wall temperature, Tc is the coolant temperature which is similar to the mainstream temperature, Twi is the heat foil inner side temperature measured by thermocouples, and Ti is the plate surface temperature at the coolant plenum side measured by thermocouples. The conduction heat flux qconduction is calculated using Eq. (4) by measuring the Twi, Ti, and the thickness/thermal conductivity of the Accura 25 plastic (0.17 W/(m·K)). The radiation heat flux is calculated using Eq. (4) and then divided by the heat flux of heat foil. Hence, the radiation loss is estimated to be averagely 7% of the total heat flux. The Hallcrest-make steady liquid crystal sheet (R3520W) is pasted on the external side surface of the film plate. The copper foil is implemented to generate a more uniform heat flux distribution. The heat flux q of heat foil is calculated using the measured voltage and current. The polystyrene layer is used as insulation material to minimize heat conduction loss. The replaceable film hole plates are printed with additive manufacturing method using Accura 25 plastic. The steady liquid crystal, copper foil, and heat foil are extended around 8D upstream of film hole location. The purpose is to create a fully developed thermal boundary layer and avoid a sudden increase of heat transfer coefficient. In order not to disturb the film jet behavior, the copper foil and heat foil are drilled circle holes to overlap with the 3D-print film hole exit. The streamwise coordinate origin x/D=0 is set at the trailing edge of the hole. The h0 measurements were made with the holes covered with tape. For steady liquid crystal, several factors can affect experimental accuracy, including the image noise reduction and the lighting angle. Previous researches indicated that the SLC coating thickness plays the most important role [27] . So the influence of coating thickness on the Hue-Temperature calibration line was investigated in the authors' previous work [28] . Figure 6 shows the calibration lines of four different coating thickness (thickness calculation method [29] ). Comparatively large discrepancy is seen at the Hue range of 50-120, but the temperature variation is relatively insensitive to the Hue variation. Thus it is considered that the thickness exerts rare influence on the measurement accuracy. In the present work, the coating thickness is 45μm. Meanwhile, a calibration curve of temperature versus hue is constructed by fitting fifth-order polynomial equation expressed as eq. (5), which is used to obtain the surface temperature at each point during the experiments. 
The sequential perturbation method proposed by Moffat [30] is utilized to calculate the uncertainty of hf/h0, which mainly depends on the imposed heat flux and the measured wall temperature with SLC. The heat flux Q0 is measured with an uncertainty of about 3.5%. The conductive loss is less than 0.04Q0 and thus the uncertainty of Q0 is estimated to be 6.5%. The wall temperature variation ranges from ±0.8K to ±1.2K with different coating thickness. The uncertainty of mainstream temperature and coolant temperature measurement is 0.2K. Typical values for heat flux and wall-coolant temperature head are 98W/m 2 and 20K, thus the uncertainty on hf/h0 is 8.5%. Figure 7 shows the spanwise averaged heat transfer coefficient augmentation hf/h0 comparison between present data and published data from Hay et al. [6] , Ammari et al. [7] , Goldstein et al. [15] , Baldauf et al. [10] , and Yuen et al. [31] for simple angle hole, as well as Ekkad et al. [15] and Goldstein et al. [16] for compound angle hole. The present pitch-to-diameter ratio of 5, length-to-diameter ratio of, and density ratio of 1.0 are quite similar to the published data. Generally, the agreement is quite good for simple angle hole and compound angle hole in varied blowing ratios, which indicates the effectiveness of the present heat foil-steady liquid crystal measurement technique. 
Results and Discussions
Comparison with other investigations
Heat transfer coefficient
The results follow the objectives with discussion on the effect of blowing ratio, compound angle, and length-to-diameter ratio. Detailed heat transfer coefficient distribution, spanwise averaged data, and area averaged data are shown. Also included is the comparison of two methods which are used to evaluate the overall cooling effectiveness, i.e. net heat flux reduction (NHFR) method [32] and Delta-Phi (Δφ) method [33] . Figure 8 shows the heat transfer coefficient hf/h0 distribution of simple angle and compound angle hole for varied blowing ratio with L/D=3.5. It is shown that the heat transfer coefficient hf/h0 increases with the increase of the blowing ratio, regardless of compound angle. The heat transfer coefficient reaches the highest value when M = 2.0. This is in contrast to the film effectiveness data where the high blowing ratio results in low film effectiveness due to jet lift-off. Evidently the fluid mechanism of coolant influencing the film effectiveness and heat transfer coefficient is different. The high film effectiveness is due to the proximity of coolant to the wall. However, high heat transfer coefficient is caused by the intense jet-crossflow interaction which enhances the turbulence intensity of near-wall flow and reduces the boundary layer thickness. Figure 8a shows high heat transfer coefficient downstream the film hole as the blowing ratio increases. The high hf/h0 regions downstream the hole is due to the coolant injection which causes high turbulence and high shearing motions. From x/D=0 to x/D=6, the coolant trace is apparent in the contour maps: high hf/h0 appears in the middle region, while low hf/h0 appears in the two side regions. The counter rotating vortex pair (CRVP) entrains hot gas to mix with coolant and thins the boundary layer. The high shearing motions also generate high turbulence, which contribute to enhance heat transfer coefficient. As the fluid convects downstream, the jet trajectory is gradually diffused by the mixing process of coolant jet and surrounding hot gas. The boundary layer entrainment effect becomes less significant and the coolant trace grows fuzzy. There several parallel strips appear. The place where the coolant trace grows unconspicuous is influenced by the mainstream turbulence intensity. Higher mainstream turbulence intensity leads to higher coolant dissipation, and then the parallel strips appear at lower x/D. In the present work, the mainstream turbulence intensity is around 5%, which is relatively high and so there exit the parallel strips for all the simple angle holes. Figure 8b shows the heat transfer coefficient distribution of compound angle hole. In the compound angle hole, the predominate flow structure is the single asymmetric main vortex (SAMV), which entrains the hot gas to the wall at one side and piles up the boundary layer at the other side [21] . The entrainment effect leads to high shearing motions and generates high turbulence mixing, which contributes to enhance the heat transfer coefficient. The boundary layer pile-up contributes to thinner boundary layer and thus enhances the heat transfer coefficient. The concerted action of entrainment and boundary layer pile-up generates a region of high heat transfer coefficient, which resembles finger-like patterns. Two regions are noticed in the heat transfer coefficient contour maps: high heat transfer coefficient at small x/D and finger-like patterns at large x/D. Theses finger-like patterns actually show the coolant traces, where high turbulence intensity fluid concentrates and thinner boundary layer happens. The finger-like patterns are deflected more severely as the blowing ratio increases. Generally, the jet-crossflow shear effect of the compound angle hole is more significant than that of the simple angle hole [22] , so the heat transfer coefficient downstream the hole is much than that of the simple angle hole. Figure 9 shows the spanwise averaged heat transfer coefficient of simple angle and compound angle hole with L/D=3.5. The spanwise averaged heat transfer coefficient of the simple angle and compound angle hole increases with the increase of blowing ratios. Higher blowing ratio results in higher jet momentum and causes higher rate of mixing, and then intensifies the dominant vortex structures (CRVP in simple angle hole and SAMV in compound angle injection hole) as well as other less prominent wake vortices. It is worth noting that the hf/h0 of compound angle hole reaches 1.8 downstream the hole, while it reaches 1.4 for the simple angle hole. As the compound angle reduces the jet vertical momentum and leads to better proximity of coolant to wall, the initial mixing rate is higher for compound angle injection hole, and the vigorous mixing manifested by the dominant vortex structures and wake vortices for the 45 deg case leads to the enhanced heat transfer downstream the hole. Also note that the heat transfer coefficient is less than or equal to 1.2 when x/D is greater than 5, indicating that the heat transfer coefficient augmentation due to film cooling is less obvious as the jet moves downstream. 
Effect of blowing ratios
Effect of compound angle
The effect of compound angle on heat transfer coefficient is also investigated with different length-to-hole diameter ratio. Figure 10 shows heat transfer coefficient hf/h0 distribution for simple angle hole and compound angle hole with L/D=0.5 and 5.0. In Fig. 10a , the compound angle effect on the jet flow is slight because the L/D value is small. The heat transfer coefficient patterns are basically the same for the simple angle and compound angle holes. For the L/D=0.5, the CRVP and the SAMV are not fully developed and tend to dissipate fast as the jet moves downstream. This is due to the high jet core turbulence intensity that enhanced the dissipation and diffusion of the dominant vortex structures. At downstream locations, the appearance of parallel strips indicates less obvious coolant trace and stronger vortex structures dissipation. Note that the heat transfer coefficient of compound angle hole is slightly higher behind x/D=10, even though the SAMV is not fully developed.
In Fig. 10b , for L/D=5, the overall heat transfer coefficient magnitude is lower than L/D=0.5. The main reason is that the jet core turbulence intensity is much higher in L/D=0.5. As the blowing ratio increases, the effect of compound angle grows more significant, by observing the "finger-like" patterns in the compound angle case. As stated above, the finger-like patterns are the results of concerted action of hot-gas entrainment and boundary layer pile-up. The single asymmetric main vortex is strengthened as the jet momentum increases, as well as the hot-gas entrainment and boundary pile-up motions. The hot-gas entrainment on the leeward of SAMV enhances turbulence mixing rate and contributes to higher heat transfer coefficient. The boundary layer pile-up on the windward of SAMV rolls the near-wall fluid and makes the boundary layer thinner, resulting in higher heat transfer coefficient. Therefore, the finger-like patterns where high heat transfer coefficient happens coincide with the trajectory of SAMV and reflect the coolant trace. Figure 11 shows the spanwise averaged heat transfer coefficient hf/h0 distribution for simple angle hole and compound angle hole with L/D=0.5 and 5.0. Figure 11a shows that in the case of L/D=0.5, the compound angle can also improve the heat transfer coefficient compared with simple angle hole. It is worth noting that the heat transfer coefficient of the simple angle hole at M = 1.5 is higher than that of the compound angle hole at M = 0.3 and 0.8, which is ascribed to the strong jetcrossflow mixing at high blowing ratio. Figure 11b shows that the compound angle improves the heat transfer coefficient to a larger extent when length-to-diameter ratio is larger. It can be observed that the heat transfer coefficient of compound angle hole at M = 0.3 is comparable to that of simple angle hole at M = 1.5. The compounding of jet divides the jet momentum into vertical and lateral components, and so the reduced vertical component of momentum leads to a better proximity of coolant to wall. A greater near-wall bulk mass provides enhanced heat transfer coefficients. Meanwhile, the coherent unsteadiness in the wake zone under the SAMV is large and well spread out [21] , which also leads to enhanced heat transfer coefficients. 
Effect of length-to-hole diameter ratio
The effect of length-to-diameter ratio on film cooling heat transfer coefficient has been scarcely investigated by previous studies. The main reason is that previous turbine adopts airfoil with thick outer metal sheet to meet the structure strength requirement. However, some recent new turbine designs intend to use thinner outer metal sheet for enhancing cooling efficiency and thicker inner metal sheet for improving structure strength. In such conditions, the thin outer metal sheet requires film cooling holes with short hole length-to-diameter ratios, while the shaped holes are tough to be manufactured.
The length-to-diameter ratio mainly affects the jet flow conditions at hole exit and the jet-crossflow interaction. Short-L/D holes have high jet core turbulence intensity and usually have high heat transfer coefficients. Figure 12 shows the heat transfer coefficient hf/h0 distribution for simple angle and compound angle holes at M=1.0 with varied length-to-diameter ratio. Generally, the heat transfer coefficient decreases gradually with the increase of L/D, regardless of compound angle. In Fig.  12a , the heat transfer coefficient patterns change little as the L/D increases. A slight increase of hf/h0 can also be observed when L/D increases from 3.5 to 5.0. This is suspected to be the result of counteraction between decreasing jet core turbulence intensity and increasing CRVP vorticity. In Fig. 12b , the heat transfer coefficient patterns are varied with increasing lengthto-diameter ratios. When the L/D ratio is 0.5 and 1, the hf/h0 patterns are quite similar to the simple angle hole. When L / D increases to 3.5, the finger-like pattern appears because the SAMV vorticity becomes more significant and the entrainment / boundary layer pile-up are intensified. This is also suspected to be the result of counteraction between decreasing jet core turbulence intensity and increasing SAMV vorticity. Figure 13 shows the spanwise averaged heat transfer coefficient hf/h0 distribution for the simple angle and compound angle holes at M=1.0 with varied length-to-diameter ratio. The heat transfer coefficient of L/D=0.5 and 1 are the highest regardless of compound angle. In Fig. 13a , the heat transfer coefficient gradually decreases when the L/D increases from 0.5 to 3.5, while it increases when L/D increases from 3.5 to 5. This leads to a minimum value of hf/h0 at L/D=3.5 for simple angle hole. As mentioned above, it is suspected to be the result of counteraction between decreasing jet core turbulence intensity and increasing CRVP vorticity.
Increasing L/D ratio causes more fully developed in-hole jet and decays jet hole-exit turbulence intensity, resulting in decreased heat transfer level. However, increasing L/D ratio also brings about intensified CRVP, stronger fluid shearing motions, and nearwall turbulence mixing, resulting in increased heat transfer coefficient. This counteraction finally leads to a heat transfer turning point at L/D=3.5. In Fig. 13b , the heat transfer coefficient also decreases as blowing ratio increases and reaches a minimum value at L/D=3.5. Similar to the simple angle hole, it is suspected to be the result of counteraction between decreasing jet core turbulence intensity and increasing SAMV vorticity. Increasing L/D ratio also brings about more dominant SAMV vorticity and intensifies the hot-gas entrainment effect and the boundary layer pile-up, resulting in higher heat transfer coefficient. This counteraction also leads to a heat transfer minimum point at L/D=3.5. 
Overall estimation of blowing ratio, compound angle, and length-to-hole diameter ratio
It is indicated above that the heat transfer coefficient hf/h0 is associated with blowing ratio, compound angle, and lengthto-hole diameter ratio. Hence, an overall estimation is necessary to determine the relationship of parameters influencing the heat transfer coefficient. Figure 14 shows the area averaged heat transfer coefficient hf/h0 for simple angle and compound angle holes. Figure 14a shows that the average heat transfer coefficient of the simple angle hole increases as the blowing ratio increases. When the blowing ratio is constant, the heat transfer coefficient decreases with the increase of L/D, and the minimum value is obtained at L/D=3.5. Note that the region with the maximum hf/h0 is at L/D=0.5-1.0 and 1.6≤M≤2, while with the minimum hf/h0 is at L/D=2-5 and M≤0.6. Figure 14b shows the average heat transfer coefficient hf/h0 for the compound angle hole. Similar to the simple angle hole, the heat transfer coefficient of compound angle hole generally increases with the blowing ratio, and decreases with the increase of the L/D ratio. The heat transfer coefficient of compound angle is overall higher than the simple angle hole, except for the highest heat transfer region, i.e. L/D=0.5-1.0 and 1.6≤M≤2. Note that there are two maximum hf/h0 regions, i.e. L/D=0.5, 1-2.5 and 1.6≤M≤2. And the lowest hf/h0 region is L/D=3.5-5 and M≤0.6. Figure 15 shows area averaged heat transfer coefficient hf/h0 difference Δ (hf/h0) of compound angle hole and simple angle hole Δ=β (45°)-β (0°). It can be seen that the compound angle hole has 5~15% higher heat transfer coefficients at most blowing ratios and L/D ratios compared with simple angle hole, which is consistent with the experimental data by Aga et al [20] . The higher heat transfer coefficient of compound angle hole is caused by strong lateral motion of the single axisymmetric vortex, thinner boundary layer by vortex entrainment, and higher near-wall turbulence intensity. Note that the heat transfer coefficient of compound angle hole is 5~10% lower than that simple angle hole in the region of L/D=0.5-1.5 and 1.4≤M≤2. The reason might be that the SAMV is not fully developed due to small L/D ratios, and its contribution to the jet-crossflow mixing is less significant than the CRVP of the simple angle hole . Hence the near-wall turbulence intensity is stronger for simple angle hole in this region. Film cooling protects the metal surface by insulating metal surface with hot gas and decreasing adiabatic temperature Taw. However, the film also enhances the near-wall turbulence intensity and increases the surface heat transfer coefficient. Hence, it is possible to yield an undesirable increased heat load q compared to cases without film cooling q0. Thus net heat flux reduction (NHFR) method is used to evaluate the overall film cooling efficiency:
Where η is the film cooling effectiveness, φ is the dimensionaless temperature given by φ=(Tg-Tw)/(Tg-Tc), and Tg is the hot gas temperature. Typically, the values of φ in real engine range from 0.5 to 0.7. Therefore, by assuming a constant =0.6, a high value of the NHFR indicates a reduction in heat load to the internal cooling system. However, Rutledge et al. [33] pointed out that the main purpose of turbine cooling is to maintain a low metal temperature, and the concept of NHFR method cannot directly provide temperature indication. So they conducted an analysis of the balance between the convective heat flux and the conduction. They provided a new Delta Phi (Δφ) method that directly indicates the temperature reduction due to film cooling, which is expressed as:
Here evidently the Δφ indicates a temperature reduction from Tw0 to Tw often caused by improving heat transfer efficiency or increasing coolant mass flow. The measurements of adiabatic film effectiveness [23] and heat transfer coefficient offer opportunities to make a comprehensive investigation of the cooling efficiency in this paper. So the NHFR method and Δφ method are compared and evaluated based on the experimental data of film hole with varied compound angle and length-todiameter ratio. Figure 16 shows the distribution of the Δφ contour and the NHFR contours of simple angle hole with L/D=5 and M=0.5. Figure 16a shows the Δφ contour, while 16b and 16c show the NHFR contours. Figure 16a shows that film cooling can effectively reduce the wall temperature in most regions, and the maximum dimensionless temperature can be reduced by 0.4. In the regions on both sides of the hole, i.e. x/D≤10, y/D≤-1 or y/D≥1, Δφ is close to 0 indicating that wall is not effectively cooled since there is no cooling air coverage. Figures 16b and 16c show the change of NHFR contours with different values of φ. The NHFR is positive in the regions covered by the coolant jet. On the contrary, the NHFR is negative in the regions where the wall is not covered by the film on both sides of the hole, indicating that the heat flux transferred from the high temperature gas to the wall surface is increased compared to that without film cooling. This is caused by two reasons: 1) lack of film cooling that leads to high adiabatic wall temperature, and 2) flow acceleration in regions between film holes due to film jet blockage effect that leads to high heat transfer coefficients. Both the two reasons result in increased heat flux from high temperature gas to the wall surface. Figure 17 shows spanwise averaged NHFR distribution for simple angle and compound angle hole at L/D=5.With the increase of the blowing ratios, the NHFR decreases gradually, since the film cooling effectiveness decreases and heat transfer coefficient increases simultaneously. Note that the NHFR is mostly negative when the blowing ratio is over 1.2. Figure 17a shows that the NHFR is mostly negative at regions 5-10D downstream of the hole due to the jet blow-off and enhanced turbulence intensity. However, in the compound angle hole shown in Fig. 17b , the jet blow-off phenomenon is weakened and the NHFR downstream the hole is comparably large. Although the overall film cooling effectiveness of compound angle hole is greater than simple angle hole, its heat transfer coefficient is also greater than simple angle hole. Hence, there is no obvious difference in NHFR distribution between the simple angle hole and compound angle hole in regions 5D downstream the hole. Figure 18 shows spanwise averaged Δφ distribution for simple angle and compound angle hole at L/D=5. Similar to the distribution of NHFR, the Δφ decreases gradually with the increase of the blowing ratio. When the blowing ratio is over 1.5, the Δφ is negative in certain regions x/D＜5, which is caused by low film coverage. A large difference of Δφ distribution is noticed between simple angle and compound angle holes, which is not observed in the NHFR method. The Δφ value of compound angle hole in Fig. 18b is higher than that of the simple angle hole in Fig. 18a , which demonstrate that compound angle hole provides a better isolation of the high temperature gas and metal walls than the simple angle hole. Figure 19 shows the area averaged NHFR and Δφ for compound angle hole. In Fig. 19a , NHFR is positive when M≤1, indicating that film cooling helps to reduce the heat flux transferred to the metal wall. NHFR is negative when M≥1, indicating that the film cooling plays a negative role. This is caused by decreased film effectiveness and increased heat transfer coefficient. However, it is not quite proper to evaluate the film cooling performance because little information of temperature can be obtained. As can be seen from Fig. 19b , Δφ is positive when M≤1.6, indicating that the temperature of the metal wall surface is reduced in this range of blowing ratio. When L/D=0.5-3 and M ≥ 1.6, Δφ is negative, indicating that there is no benefit using film cooling. Therefore, if the film cooling performance is judged from the viewpoint of NHFR, film cooling is beneficial only if the blowing ratio is low (M≤1), and this method still cannot help judge the influence on the wall temperature. If Δφ method is used, film cooling is still beneficial and reduces wall temperature at higher blowing ratios (M≤1.6). 
Conclusions
The present study investigates the heat transfer coefficient on a flat plate surface downstream a row of simple angle and compound angle holes using steady liquid crystal (SLC) technique. Effect of blowing ratio, compound angle, and length-todiameter ratio are indicated by detailed local, spanwise averaged, and area averaged heat transfer coefficient data. The overall film cooling performance is also evaluated using NHFR method and Δφ method by combining film effectiveness and heat transfer coefficient data. Based on the large matrix of measurements data, new heat transfer coefficient correlations are developed for simple angle and compound angle holes, respectively. The main conclusions are listed as follows: (1) Increasing blowing ratio brings the increase of heat transfer coefficient hf/h0, regardless of compound angle. Increasing blowing ratio leads to increased momentum jet and stronger jet-crossflow interaction, which enhances the turbulence intensity of near-wall fluid and reduces the boundary layer thickness. The effect of compound angle is limited when L/D is small, while is significant when L/D is large. Compound angle enhances the heat transfer coefficient because the single asymmetric vortex entrains boundary layer fluid to the other side and thinner the boundary layer. (2) The length-to-diameter ratio mainly affect the jet-crossflow interaction and short L/D enhances near-wall turbulence intensity, which leads to high heat transfer coefficient. The heat transfer coefficient gradually decreases when the L/D increases from 0.5 to 3.5, while it increases when L/D increases from 3.5 to 5. This leads to a minimum value of hf/h0 at L/D=3.5 for both simple angle and compound angle holes. This is suspected to be the result of counteraction between decreasing jet core turbulence intensity and increasing CRVP or SAMV vorticity. (3) The overall film cooling performance is also evaluated using NHFR method and Δφ method. The NHFR method provides a lower blowing ratio value, below which the film cooling has a positive gain and reduces the heat flux transferred to the wall. However, the Δφ method provides a higher blowing ratio, below which it is beneficial and reduces metal wall temperature. Meanwhile, the Δφ method can help judge the effectiveness of different film cooling techniques by evaluating temperature reduction, which is more convenient for film cooling design. 
